While DNA methylation is usually thought to be symmetrical across both alleles, there are some notable exceptions. Genomic imprinting and X chromosome inactivation are two well-studied sources of allele-specific methylation (ASM), but recent research has indicated a more complex pattern in which genotypic variation can be associated with allelically-skewed DNA methylation in cis. Given the known heterogeneity of DNA methylation across tissues and cell types we explored inter-and intra-individual variation in ASM across several regions of the human brain and whole blood from multiple individuals. Consistent with previous studies, we find widespread ASM with > 4% of the »220,000 loci interrogated showing evidence of allelically-skewed DNA methylation. We identify ASM flanking known imprinted regions, and show that ASM sites are enriched in DNase I hypersensitivity sites and often located in an extended genomic context of intermediate DNA methylation. We also detect examples of genotypedriven ASM, some of which are tissue-specific. These findings contribute to our understanding of the nature of differential DNA methylation across tissues and have important implications for genetic studies of complex disease. As a resource to the community, ASM patterns across each of the tissues studied are available in a searchable online database: http://epigenetics.essex.ac.uk/ASMBrainBlood.
Introduction
DNA methylation is the most widely studied and stable epigenetic mark across the mammalian genome, playing a key role in the developmental regulation of gene expression. DNA methylation is generally symmetrical across both alleles, although exceptions characterized by allelic asymmetry include differentially methylated regions (DMRs) regulating the monoallelic expression of genes associated with X chromosome inactivation in females and genomic imprinting. [1] [2] [3] [4] [5] Recently, it has been shown that the allelic-skewing of DNA methylation can also be driven by DNA sequence variation, with methylation quantitative trait loci (meQTLs) predominantly acting in cis.
6-11 ASM can be regarded as a special case of intermediate DNA methylation (IM) , which has been found to occur in regions spanning a large portion of the human genome. It has been estimated that ASM contributes up to 18% of IM in the human genome.
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DNA methylation patterns are highly dynamic during normal development and cellular differentiation [13] [14] [15] [16] and tissue-specific patterns of DNA methylation have been widely studied in humans. [17] [18] [19] [20] In complex tissues such as the brain, for example, DNA methylation differentiates between functionally distinct regions 21, 22 and cell types. 16, [23] [24] [25] [26] Patterns of IM can also be tissue-specific, 12 with growing evidence for the widespread prevalence of tissue-specific ASM. 27, 28 In mouse, for example, it has been reported that 28% of imprinted genes are monoallelically expressed in a single tissue type, often the brain or extra-embryonic tissue. 29 Examples of tissue-specifically imprinted genes include KCNQ1, which becomes biallelically expressed in embryonic heart development, 30 GNAS, which is maternally expressed in a wide-range of tissues including the anterior pituitary, thyroid and ovaries but biallelically expressed in others, such as bone and visceral adipose tissue, 31, 32 and GRB10, which is maternally expressed in most peripheral tissues but paternally expressed in the brain. 29, 33 Genetic influences on DNA methylation can also be tissue-specific, with meQTLs determining allelic patterns of methylation in cis in certain tissues or cell types.
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Increasing evidence supports a role for inter-individual variation in DNA methylation in the etiology and pathogenesis associated with a diverse range of complex disease phenotypes. 35 Allelic differences in DNA methylation may be particularly important in this regard, acting as endophenotypes of genetic variation or additional epi-allelic layers mediating the functional consequences of genotypic variation. 36, 37 Teasing apart genetic and non-genetic effects in a tissue-and cell typespecific manner will be a crucial step in understanding the association between non-coding genetic variation, DNA methylation, and complex disease.
To investigate the role of tissue-specific variation of ASM in the human brain and its relation to allelic biases in whole blood, we examined ASM across multiple brain regions and matched blood samples collected from multiple donors. Our data shows that although a large proportion of ASM is conserved across tissues, there are specific differences in the extent and distribution of ASM sites between regions of the brain and whole blood. Genome browser tracks displaying ASM signals as well as an online tool plotting ASM for sites of interest are available for download from a searchable database (http://epigenetics. essex.ac.uk/ASMBrainBlood).
Results
DNA methylation is allelically-skewed at specific locations across the genome
The majority of the genome is not characterized by notable allelic biases in DNA methylation in any of the tissues assessed in this study. The array-wide average of ASM score (in absolute values) is consistently low (mean D 0.025, range D 0.023 to 0.030) (Fig. S1A, Fig. S1B and Table S1 ). As expected, there is, however, evidence for allelically-biased DNA methylation at a notable number of specific genomic regions; in total 9,311 (4.22%) of the 220,449 informative SNPs in our assay show evidence for allelic-skewing of DNA methylation, defined by an absolute ASM score 0.10 in at least one tissue and individual. The percentage of amplicons characterized by an ASM score 0.10 in each of the 21 profiled samples is given in Table S2 . The top-ranked loci showing evidence for allelically-skewed DNA methylation in whole blood, cerebellum, and cortex (BA9), and cerebellum are listed in Tables 1-3 . Genome Browser tracks and an online ASM database are available from our laboratory website (http://epigenetics.essex.ac.uk/ASM BrainBlood).
Patterns of ASM in whole blood overlap with those identified in a previous study
In a previous study we characterized allelically-skewed DNA methylation in whole blood derived from 5 monozygotic twin pairs.
7 There is a highly significant correlation between absolute ASM scores across all probes informative in both data sets (n D 129,559, r D 0.21, P < 1.0 £ 10 ¡50 , Fig. S2 ), even though the majority of the probes do not exhibit ASM. Of the 2,704 ASM loci identified in Schalkwyk et al., 1,717 (63.50%) are informative in the current study, with a highly significant cross-study correlation of ASM scores at these probes (r D 0.52, P < 1.0 £ 10 ¡50 ). Likewise, there is a highly significant correlation between ASM scores across the two studies at sites showing allelically-skewed DNA methylation in blood in the current study which were also informative in our previous study (r D 0.38, P D 3.0 £ 10-28). Of the 15 top-ranked blood ASM sites identified in our current study (Table 1) , 7 of the 9 sites (78%) also informative in our previous study of ASM in blood 7 were characterized by an absolute ASM score 0.10 in both analyses. These data confirm the validity of the MSNP approach for identifying allelically-skewed DNA methylation, reinforcing our previous conclusions about the extent of ASM in whole blood.
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The extent and distribution of ASM differs across tissues
The average proportion of informative sites characterized by allelically-skewed DNA methylation (absolute ASM score 0.10) in each of the 8 tissues profiled was examined (Fig. 1A) . Table 4 lists the top-ranked consistently allelically-skewed probes across cerebellum, whole blood, and cortex (BA9), with specific examples shown in Fig. 2A and Fig. 2B . Allelicallyskewed DNA methylation appears to be consistently less prevalent in cortical regions (informative probes with ASM score 0.10 D 0.54%) compared to the cerebellum (1.14%) and whole blood (0.84%). The elevated level of allelically-skewed DNA methylation in the cerebellum and whole blood relative to cortex is more pronounced at more extreme ASM score thresholds (i.e., ASM score 0.20, cortex D 0.003%, cerebellum D 0.019%, whole blood D 0.013%) (Fig. S1C, Fig. S1D and Fig. S3 ). Of note, there is little variation in the prevalence and distribution of ASM scores between different regions of the cortex (average correlation between 2 cortical areas D 0.52, Fig. 1B and Fig. S4 ). We therefore selected one representative cortical region (BA9) for inclusion in subsequent analyses. In contrast, we find more striking differences between cortex, cerebellum and whole blood samples with inter-tissue correlations ranging from r D 0.42 to 0.48 (Figs. 1C-E). Table 5 lists the probes showing the highest level of variation in ASM scores across tissues with specific examples shown in Fig. 3A and Fig. 3B . We used clonal bisulfite sequencing to validate tissue-specific ASM identified by the MSNP method in these 2 regions ( Fig. 3C and Fig. 3D ), confirming the patterns observed in our array data for both loci. ). Post-hoc tests identified these differences to be primarily driven by an enrichment of high ASM scores in promoter regions (Fig. S5) . We used data from ENCODE 38 to assess whether ASM is enriched in regions associated with DNase I hypersensitive (DHS) sites identified in multiple tissues including frontal cortex and cerebellum, as well as CD14C monocytes and na€ ıve B cells (as a proxy for blood). We compared the ASM score ranks for informative probes between regions defined by the presence or absence of DHS sites using a Wilcoxon rank-sum test (see Materials and Methods). DHS peaks across all tissues are enriched for higher ASM scores identified in cortex (BA9), cerebellum, and whole blood (Table S3 and Fig. S6 ). Of note, the most striking enrichment is found for cerebellum ASM scores in regions characterized by cerebellum DHS peaks in ENCODE (P D 3.51 £ 10 ¡220 ).
Inter-individual variation in ASM
We next examined inter-individual differences in ASM score at specific loci, defining probes with a large range of ASM scores across the 3 individuals as being characterized by "variable ASM." Differentially methylated regions (DMRs) associated with genomic imprinting, for example, are characterized by parental-origin-specific ASM and are expected to show consistently large ASM scores that exhibit allelic-flipping, resulting from genotype-independent ASM. Genotype-driven ASM, in contrast, is likely to be exemplified by consistent allelic biases in DNA methylation across individuals, and is generally not variable between individuals of the same genotype. Fig. S7 shows the correlation in ASM scores across the 3 individuals profiled by MSNP, with tissue-specific correlations given in Table S4 . As expected, the individuals were more highly correlated for loci characterized by high ASM scores. For probes informative in at least 2 individuals we examined the range of (Table 6 ). Some sites show evidence of allelic-flipping in ASM score between individuals, indicative of genomic imprinting. These included several probes in the vicinity of the imprinted gene cluster on chromosome 15q11.2 (Figs. 4A-C). High ASM scores were also observed in the vicinity of other known imprinted loci, for example, SNRPN (Fig. S8A) , DLGAP2 (Fig. S8B) , AIM1 (Fig. S8C) , MEG3 (Fig. S8D) , BLCAP (Fig. S8E) , and GRB10 (Fig. S8F ), in addition to loci suspected to be imprinted, e.g., TRAPPC9 (Fig. S8G) , EVX1 (Fig. S8H) , and TGFBI/VTRNA2 (Fig. S8I) ; however, we were unable to examine variable ASM in many of these regions because they were only informative (i.e., heterozygous) in a single individual. Notably, we also identified allelic-flipping in the vicinity of loci not previously characterized as being imprinted, for example WRB (Fig. 4D) and ITPKI (Fig. S9 ). Other variable ASM sites are marked by both high and low ASM scores in different individuals, rather than allelic-flipping between them, for example, MGST3/LOC400794 (Table S5) . Interestingly, we identified a number of sites characterized by tissue-specific variable ASM. A notable example is the imprinted gene GRB10, which has been previously shown to be differentially maternally-and paternally-expressed in a tissue-specific manner 29, 33 (Fig. S8F) .
Variable ASM sites are flanked by extended regions of intermediate DNA methylation
We next quantified genome-wide patterns of DNA methylation in a larger sample (nD39) of matched whole blood, cortex (BA9), and cerebellum samples using the Illumina Infinium HumanMethylation450 BeadChip (450K array).
For the 100 top-ranked ASM sites in each of the 3 tissues, plus the 100 top-ranked cross-tissue, tissue-specific, and variable ASM sites we identified probes on the array located within 1 kb of the ASM marker SNPs (Table S8 ; detailed in Table S9 -S17) to investigate patterns of DNA methylation across an extended region. As expected, regions around known imprinted loci identified by our ASM analysis are flanked by extended regions of intermediate DNA methylation (i.e., average levels of DNA methylation between 0.4 and 0.6) ( Fig. 5A and Fig. 5B ). We observe a highly significant enrichment (P range D 6.82 £ 10 ¡11 -0.005) of intermediate DNA methylation relative to overall levels identified on the 450K array in regions flanking variable ASM sites in all 3 tissues (Table 7 and Fig. 6 ). For example, intermediate DNA methylation was observed around the variable ASM site overlapping WRB (Fig. 5C) , that showed evidence of allelic-flipping (Fig. 4D) . Another probe exhibiting variable ASM annotated to TGFBI/VTRNA2-1 on chromosome 5 also shows a similar pattern of intermediate DNA methylation (Fig. 5D) . Interestingly, 4 individuals are distinguished by consistent hypomethylation in whole blood and cortex across 16 of the 19 sites, consistent with previous reports describing polymorphic imprinting of this locus.
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Identification of tissue-specific genotype-driven ASM In contrast to the intermediate DNA methylation patterns enriched in the vicinity of variable ASM sites, non-variable ASM (i.e., characterized by consistent ASM scores across individuals) is not significantly enriched for intermediate DNA methylation and in some cases is exemplified by trimodal patterns of DNA methylation, which are highly suggestive of genotype-driven ASM acting in cis. Of note, we also observe examples of tissue-specific genotype-driven ASM. For example, a tissue-specific ASM site identified as showing allelicallyskewed DNA methylation in cerebellum (ASM score D 0.16) but not whole blood (ASM score D 0.03) or cortex (ASM score D 0.04) (Fig. 7A ) located in an intron of the gene SYNJ2 is Probes classified as allelically-skewed at an ASM score 0.10 in only one of the 2 compared tissues are highlighted in red. A higher degree of between-tissue variability is observed between cerebellum, cortex, and whole blood than between different cortical regions (shown as an example is BA8 vs. BA10). This difference becomes even more pronounced when restricting the set of probes to those that show allelicskewing at an ASM score 0.10 in at least one of the 2 compared tissues (see subset correlation r').
flanked by trimodal levels of DNA methylation in cerebellum but not blood or cortex (Fig. 7B) .
Discussion
This study confirms the relatively widespread distribution of allelically-skewed DNA methylation in the human genome, corroborating our previous data generated in whole blood. 7 We also present evidence for tissue-specific differences in the quantity and distribution of ASM between different regions of the human brain, and between brain and whole blood. Our findings are in line with previous reports, confirming the importance of tissue-specific DNA methylation profiles across the brain.
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Although our data confirm previous studies, identifying more between-tissue variation than inter-individual variation, 28 we find clear examples where ASM is variable between individuals. While the number of samples profiled in this study is too small to accurately determine how much of the observed interindividual variation in ASM results from genetic and nongenetic effects, previous studies suggest that the majority of such variation is likely to be genetically driven. 7, 8, 11 Interestingly, we identify instances of tissue-specific allelically-skewed DNA methylation resulting from both genomic imprinting and genotypic effects. For example, we observe tissue-specific variable ASM around the imprinted growth factor receptor-bound protein 10 gene (GRB10), which encodes a protein that interacts with insulin-like growth factors 42,43 and we observe genotype-driven ASM exclusively in cerebellum for several probes within the synaptojanin 2 gene (SYNJ2), which encodes a protein involved in the uncoating of vesicles. 44, 45 Such tissue-specific ASM has important implications for epigenetic epidemiology, and provides a mechanism by which genotype may exert an effect on gene function and regulation in a tissuespecific manner.
This study has a number of important limitations. First, although we used a unique set of samples comprising of matched tissues obtained from the same donors, the number of individuals profiled in our analysis was small, meaning we cannot definitively distinguish between genetic and non-genetic effects, or make broad statements about general patterns of inter-individual variation of ASM. Our Illumina 450K array validation studies were undertaken in a larger set of individuals, but could only confirm intermediate levels of DNA methylation and not detect allele-specific patterns. Second, given the limited availability of RNA from the same samples, we were unable to relate our ASM findings to allelic patterns of gene expression in the same individuals. Previous studies, however, have shown that ASM is linked to allele-specific expression of nearby genes.
28 Third, our analyses were undertaken on whole tissue, and represent aggregate values across a number of individual cell types. Fourth, the MSNP approach utilizes SNP somewhat arbitrary; it is likely that our data is confounded by both false positives and negatives. We did, however, find very consistent overlap in whole blood ASM data with that reported in our previous study using the same laboratory and analysis methods, 7 confirming the validity of the MSNP approach. Furthermore, we validated our findings using 2 independent platforms: clonal bisulfite sequencing and the Illumina 450K Human methylation array. Using the latter, we were able to show that variable ASM sites are located in an extended context of intermediate DNA methylation, supporting a regional regulatory role of DNA methylation in these domains, which is potentially driving intermediate expression levels in a quantitative manner across gene regulation clusters. 12 In addition, we observed a significant enrichment of ASM in regions To conclude, we explored inter-and intra-individual variation in ASM across several regions of the human brain and whole blood from multiple individuals. Consistent with previous studies, we find relatively widespread ASM, observing allelicallyskewed DNA methylation flanking known imprinted regions, and show that ASM sites are often located in an extended genomic context of intermediate DNA methylation. Interestingly, we detect cases of genotype-driven ASM, which are also tissue-specific. These findings contribute to our understanding about the nature of differential DNA methylation across tissues and have important implications for genetic studies of complex disease. As a resource to the community, ASM patterns across each of the tissues studied are available in a searchable online database: http://epigenetics.essex.ac.uk/ASMBrainBlood.
Materials and methods
Genome-wide analysis of allelically-skewed DNA methylation Post-mortem brain and pre-mortem whole blood samples from 2 female and one male donors were provided by the MRC London Neurodegenerative Disease Brain Bank (http://www.kcl.ac.uk/ ioppn/depts/bcn/Our-research/Neurodegeneration/brain-bank. aspx). Subjects were approached in life for written consent for Table S18 . Genomic DNA was isolated from all tissue samples using a standard phenol-chloroform protocol and assessed for purity and degradation prior to analysis (see Davies et al. 22 for additional information about the samples used in this study). The MSNP method, described previously, 6, 7 was used to quantitatively assess allelic-skewing of DNA methylation across the genome. Briefly, Affymetrix Genome-wide Human SNP 6.0 Arrays were used to genotype a) DNA from each tissue sample digested with a cocktail of MSREs (HpaII: 5 0 -C^C G G-3 0 , HhaI: 5 0 -G C G^C-3 0 , and AciI: 5 0 -C^C G C-3 0 ) (D arrays), b) unmethylated whole-genome-amplified DNA for each individual digested with the same cocktail of MSREs to control for possible confounding effects of DNA sequence polymorphisms located at MSRE cut-sites (U arrays), and c) genomic DNA from each of the 3 individuals to identify heterozygous (informative) SNPs (G arrays). Unmethylated DNA was produced by whole-genome amplifying 100 ng cerebellum DNA using the Qiagen RepliG kit (Qiagen, Crawley, UK) using the manufacturer's protocol. In total 28 genotyping arrays were processed: 22 D arrays (DNA from between 6 and 7 brain regions plus whole blood, for each individual), 3 U arrays (one for each individual), and 3 G arrays (one for each individual). Additional methodological details are available in Schalkwyk et al.
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Selection of informative SNPs and quantification of ASM To be informative in the ASM assay, SNPs must be heterozygous, and the amplicon must contain an MSRE cut site. 6, 7 To guard against poorly performing SNP probes we also removed consistently low signal intensity SNPs across the 22 G arrays, and those yielding a highly variable U/G signal ratio (SD > 0.077) across all samples. A total of 220,449 SNPs passed our stringent filtering criteria and were classified as informative and heterozygous in at least one individual. The number of informative SNPs in each of the individual samples profiled by the MSNP method is shown in Table S19 . Quantitative measures of ASM were derived by comparing signal intensities between the D (MSRE digested) and G (genomic DNA) arrays using the SNPMaP package (v1.02) in R that was developed for the estimation of allele frequencies in DNA pools genotyped on SNP arrays. 46 Briefly, relative allele score (RAS) values were generated for all SNPs on the array, which are defined as A/(A C B), where A and B are the intensities of the probes for the 2 alleles of (Table S14) show an enrichment in intermediately methylated probes compared to DNA methylation levels across the whole array (shown in gray) in (A) cortex (BA9), (B) cerebellum, and (C) whole blood). a given SNP. For a given SNP in a heterozygous individual, ASM (or allelic-skewing of DNA methylation) is detected as a difference in RAS between the G and D arrays. We call this difference in RAS "ASM score" and define probes showing an absolute ASM score 0.10 as "allelically-skewed." A UCSC custom annotation track showing the location of all 220,449 loci and the degree of allelic-skewing in DNA methylation across each tissue and individual is available for download from our website (http://epigenetics.essex.ac.uk/ASMBrainBlood). Enrichment analyses were performed using a Kruskal-Wallis rank-sum test for ASM rank differences between the annotated genic regions. This non-parametric method tests whether multiple samples were drawn from the same distribution and is the multivariate extension of the better-known Wilcoxon rank-sum test. This test allowed us to avoid selecting a specific threshold for ASM scores and does not assume a normal distribution of residuals. Of the 220,449 informative probes, 219,921 could be annotated to specific defined genic regions. Annotations were based on the Homo sapiens hg19 build from UCSC using the AnnotationHub Bioconductor package 47 classifying probes as residing in introns (n D 100,254), 5
0 UTRs (n D 347), 3 0 UTRs (n D 2,341), coding regions (n D 2,569), intergenic regions (n D 110,186) and promoters (n D 4,224). A Nemenyi test for pairwise multiple comparisons of mean rank sums as implemented in the PMCMR R package 48 was used for post-hoc comparisons. ENCODE tracks for DHS peaks in frontal cortex, frontal cerebrum, cerebellum, CD14C monocytes, na€ ıve B cells, H1 human embryonic stem cells (H1-hesc), heart, and fibroblasts were obtained from the UCSC genome browser (http://hgdown load.cse.ucsc.edu/goldenPath/hg19/encodeDCC/wgEncodeO penChromDnase/). For the DHS enrichment analyses we tested whether the rank-sums for ASM scores differed significantly in informative probes defined by the presence or absence of DHS peaks using a Wilcoxon rank-sum test. Informative probes were ranked according to ASM scores with higher absolute ASM scores corresponding to lower ranks.
Clonal bisulfite sequencing
Two regions were subsequently selected for clonal bisulfite sequencing analysis to further verify our findings and determine the precise allele-specific patterns of DNA methylation. Following sodium bisulfite treatment and bisulfite-PCR amplification, amplicons were cloned using the TOPO TA cloning method (Invitrogen, Paisley, UK) and sequenced with BigDye v1.1 sequencing chemistry (Applied Biosystems) (Table S20) . Sequencing traces were visualized, quality controlled, and aligned using BiQ Analyzer. 49 All data were tested for complete sodium bisulfite conversion, with an overall conversion rate > 99.9% estimated by BiQ Analyzer.
Validation of ASM on the llumina 450K HumanMethylation microarray
Further analysis of ASM sites was undertaken on a larger collection of post-mortem brain samples (n D 34), comprising BA9, BA21, BA28/34, and cerebellum, which were also free of any neuropathology and neuropsychiatric disease. Additionally we analyzed matched pre-mortem whole blood samples, which were available for a subset (n D 8), as well as 5 unmatched blood samples (see Table S18 ). The 3 individuals profiled by MSNP were included in this analysis. DNA (500 ng) from each sample was treated with sodium bisulfite in duplicate, using the EZ-96 DNA methylation kit (Zymo Research, CA, USA). DNA methylation was quantified using the Illumina Infinium HumanMethylation450 BeadChip (Illumina Inc., CA, USA) run on an Illumina HiScan System (Illumina) using the manufacturers' standard protocol, with pre-processing and stringent quality control performed as previously described. 50 We used the GenomicRanges package 51 to extract data for all CpG sites within 1 kb of candidate ASM SNPs and examined patterns of DNA methylation across the 3 tissues. Intermediate DNA methylation was defined as an average methylation value between 0.4 and 0.6 across all individuals. To test for statistical significance of enrichment in intermediately methylated probes we used a hypergeometric distribution based on the number of probes tested and the background of intermediately methylated probes across the whole array. Annotation of genes in the methylation plots ( Fig. 5 and Fig. 7B ) was obtained from the UCSC Genome Browser hg19 assembly. Imprinting control region (ICR) annotation was obtained from the web resource on human DMRs provided by the Department of Medical and Molecular Genetics, Kings College London (https://atlas.genet ics.kcl.ac.uk) and lifted over from hg18 to hg19.
Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.
